Activities detectable in Streptococcus cremoris with the chymotrypsin substrate N-glutaryl-L-phenylalanine-4-nitroanilide and formerly designated endopeptidases P37 and P50 (F. A. Exterkate, Appl. Environ. Microbiol. 47:177-183, 1984) are both coupled peptidase reactions. These coupled reactions involve a membrane-bound, restricted L-ft-glutamyl aminopeptidase which is responsible for the initial release of the glutaryl moiety. The subsequent reaction is catalyzed by either a so-called low-temperature or a hightemperature phenylalanyl aminopeptidase activity, both located at the outside surface of the membrane.
by solubilization resulted in the removal of a restriction on the activity of L-ct-glutamyl aminopeptidase and in a less efficient functioning of the coupled reactions; a long transient phase occurred before the steady state was reached. The results suggest that the in situ spatial organization is conducive to an efficient attuning of at least three peptidases which are located at the outer membrane surface and in the membrane. The possibility that peptidases in these locations exist as a cluster with physiological significance is discussed in relation to growth of S. cremoris in milk.
A glutamyl aminopeptidase activity (gluAP) in Streptococcus cremoris has been found to be associated with the membrane-enriched fraction under conditions which have resulted in complete lysis of the cells and in the release of several aminopeptidase activities located at the outer membrane surface (6) . The enzyme in situ is restricted in its catalytic activity with regard to the hydrophylic substrate used. This means that significantly lower activities are measured than when the enzyme is in solution. The restriction could be abolished by the action of the membraneperturbing solvent n-butanol. The restriction has been interpreted as being due to a limitation in the effective substrate concentration, which could be a consequence of the position of this enzyme in the membrane (6) .
The enzyme has been purified to homogeneity and characterized. With respect to peptide substrates, the enzyme appeared to be specific for the bond in which the N-terminal L-a.-glutamic acid or aspartic acid is involved (aminopepti- dase A) (EC 3.4.11.7). However, the enzyme could release an N-terminal glutaryl or succinyl moiety as well (8) .
The results of the present study indicate that this aminopeptidase is one of the enzymes involved in two coupled-enzyme reactions, formerly designated as endopeptidase activities P37 and P50 (2, 4, 6) , which proceed at the outside surface of the cytoplasmic membrane. The location of the enzymes involved in these coupled reactions implies efficient overall processes. This could be determined since the substrate N-glutaryl-L-phenylalanine-4-nitroanilide (GPN), used to measure these coupled reactions, permits the sequential reactions to initiate and progress in situ without a serious delay attributable to diffusion rate limitations.
MATERIALS AND METHODS Description of strains. S. cremoris HP, TR, and Wg2 were used. Strains TR and Wg2 are characterized by their ability to release p-nitroaniline from the chymotrypsin substrate tionary-phase and logarithmic-phase cells of the S. cremoris strains were obtained from milk-grown cultures. The details concerning the propagation and harvesting of cells in milk have been described previously (6) . The A650 (1-cm light path) of the final suspensions of native cells was 0.25 or 0.5 after 250-fold dilution.
Butanol treatment of cells. Incubation of cells with the indicated concentrations of n-butanol in 0.1 M NaH2PO4-NaOH buffer at pH 7.8 and 25°C and subsequent removal of the solvent were performed as described previously (4) . The treatment results in a perturbation of membranal organization to an extent depending on the concentration of the solvent (11) . The treatment eventually results in permeabilization of the membrane and in the removal of a restriction on the membrane-bound peptidase activities (6) .
Determination of peptidase activities. The method described earlier (2), involving GPN as the substrate, was used to measure P37 and P50 activity. The activity of gluAP was measured with the substrate L-ca-glutamic acid-4-nitroanilide (glu-pNA) and alanyl-, prolyl-, and lysylaminopeptidase activities were measured with L-alanine-4-nitroanilide (alapNA), L-proline-4-nitroanilide (pro-pNA), and L-lysine-4-nitroanilide (lys-pNA) (6) , respectively. Pyrrolidonecarboxylylpeptidase (PCP) activity and L-phenylalanylaminopeptidase (pheAP) activity were detected with pyrrolidonecarboxylic acid-4-nitroanilide (PCA-pNA) and L-phenylalanine-4-nitroanilide (phe-pNA) (Serva, Heidelberg, Federal Republic of Germany) as the respective substrates. Activities are expressed as nanomoles of pnitroaniline per milliliter of incubation mixture by measuring the release of p-nitroaniline at 410 nm (extinction coefficient
[E410] = 8,800 M-1 cm-') under the indicated conditions. Progress curves of the release of p-nitroaniline were recorded continuously at 410 nm with a Uvikon 820 spectrophotometer equipped with a thermal cell holder.
Butanol-inactivated enzyme preparation. Cells from strain TR (exhibiting only P37 activity) treated with 10% (vol/vol) n-butanol showed complete inactivation of P37 activity (6) . A cell extract prepared from these treated cells as described previously (2) is hereafter called the butanol-inactivated enzyme preparation.
Preparation of soluble and particulate fractions. Soluble and particulate fractions were obtained from logarithmicphase cells by inducing cell burst during removal of the cell wall by the action of lysozyme (6) . The particulate fraction is a complex consisting of residual cell wall polymers, lysozyme, and membrane fragments (10, 12) . It exhibits gluAP activity. The soluble fraction contains aminopeptidase activities which in situ are located at the cell wall-membrane interface (6) .
Partially purified complementary components involved in GPN-degrading activity. A 25 to 35% (wt/vol) ammonium sulfate (AS) fraction obtained as described previously (8) appeared to contain over 95% of the gluAP activity, the GPN-degrading (viz. P37 and P50) activity, and the PCP activity. Furthermore, 65 to 70% of other aminopeptidase activities (6) recovered after the AS fractionation were also found in this particular fraction. The AS fraction was either extracted with n-butanol or used for filtration on Sephacryl S300 (8) to obtain two different preparations (A and B). GPN-degrading (viz. P37 and P50) activity was detectable only if these two fractions were combined.
Preparation A (dissolved in 0.1 M NaH2PO4-NaOH buffer [pH 7.2]; final protein concentration, 0.4 mg ml-') was obtained by butanol extraction of the AS fraction (8) . This preparation exhibited gluAP activity and contained one of the components essential for GPN-degrading activity. Preparation B consisted of column fractions which were obtained by Sephacryl S300 gel filtration of the AS fraction (8) and which evoked GPN-degrading activity if combined with preparation A. These column fractions were pooled, dialyzed overnight against distilled water (4°C), and then freeze-dried. The dried material was dissolved in 0.1 M NaH2PO4-NaOH buffer (pH 7.2) (final protein concentration, 4.2 mg ml-1).
Protein quantitation. Proteins were estimated by the method of Bradford (1), using crystalline bovine serum albumin (fraction V; BDH, Poole, England) as the standard.
RESULTS
Involvement of gluAP in GPN degradation. Fractionation of cells to obtain the particulate and soluble fractions resulted in the loss of nearly all GPN-degrading activity at 37°C (P37) that was initially detectable unrestricted in the cell lysate, but resulted in the recovery of complete gluAP activity in the particulate fraction (6) . Similarly, loss of GPN-degrading activity at 50°C (P50) was observed (data not shown).
Restoration of GPN-degrading activity was achieved in the following cases: (i) If the butanol-inactived enzyme preparation was supplemented with either native cells of strain HP or with the soluble fraction, P37 activity ( Fig. 1) butanol-inactivated enzyme preparation (0.5 ml), GPN (1 rtIM), NaH2PO4 (100 mM), and the indicated volumes of the specified suspension of native cells (A) or the particulate fraction (0) or of the soluble fraction (0). Incubation was performed at 370C and pH 7.2. All values were corrected for intrinsic activities detectable with the cell or cell fractions. and P50 activity. One component is associated with the particulate fraction. It is identical to the butanol-resistant component present in the butanol-inactivated preparation. gluAP, present in both fractions and in preparation A, releases glutaryl as well as glutamyl residues and shows a temperature optimum at 50 to 55°C; it is the only component functioning in the restoration of GPN-degrading activity which could be detected and purified (8) .
The other, complementary component(s) present in the soluble fraction is in situ most probably located in the cell wall envelope in a way that permits expression of intrinsic GPN-degrading activity and is apparently destroyed during the butanol treatment. Preparation B, containing these complementary components essential for P37 and P50 activity, exhibited the aminopeptidase activities located in situ in the cell wall-membrane interface (6) and PCP activity (3) (data not shown). This preparation was also active in releasing p-nitroaniline from phe-pNA (optimum at approximately 50°C) (pheAP activity). These results therefore suggest a coupled reaction with respect to both GPN-degrading activities (P37 and P50). Cells of strains TR and Wg2 which did not exhibit P50 activity or the ability to restore P50 activity also did not demonstrate PCP activity.
Kinetics of the coupled reaction. With the coupled system in situ (viz., the native cell), a linear relationship between liberated product and time was obtained after a transient phase with a lag time of approximately 3 min at 300C (Fig. 2) and approximately 1 min at 370C (Fig. 3) . The (Fig. 3) , a lag time of about 3 min at 30°C (Fig. 2) . Unrestricted gluAP activity associated with cells which had been treated with n-butanol (6%, vol/vol) (6) showed no transient phase and a deviation from linearity only after about 90 min (Fig. 4) . Unrestricted P50 activity which, unlike P37, is still detectable with these cells (6) showed a transient phase with a lag time of approximately 35 min at 30'C (Fig. 4) . Unrestricted P37 activity detectable with Wg2 or TR cells which had been treated with 3 .5% (vol/vol) n-butanol (6) showed a similar transient phase (Fig.  4) .
Relationships similar to those of the unrestricted cellassociated activities were obtained with the soluble coupledenzyme system obtained from treated or native cells (data not shown). Soluble gluAP, however, did not show the biphasic progress curve which was characteristic for the enzyme in situ (data not shown).
The addition of the substrate to a mixture of preparation A and B resulted in a GPN-degrading activity demonstrating a transient phase with, under the present conditions, a lag time of about 20 min before a steady state was reached (Fig. 5) . Preincubation before the addition of the substrate did not have any influence on the lag time. A similar progress curve was also obtained when preparation A was added to preparation B, which had been preincubated with the substrate.
However, preincubation of preparation A with the substrate resulted in a decrease of lag time until complete disappearance of the transient phase and, at relatively long preincubation periods, in the detection of initial velocities which were higher than the steady-state velocity eventually reached (Fig. 5) . If the phe-pNA production during the preincubation period is plotted as a function of time, no transient phase is observed (Fig. 6 ). The reaction mixture contained equal volumes of a cell suspension and a substrate solution (4 mM) in 100 mM NaH2PO4-NaOH buffer (pH 7.2). Both were preincubated at 30°C before initiation of the reaction at that temperature. After the indicated incubation periods, a sample was drawn, and the release of p-nitroaniline was determined. (Fig. 7) . Initial velocities detected with gluAP also showed a linear relationship with substrate concentration up to 5 mM (data not shown). Higher concentrations could not be investigated owing to the solubility of the substrate.
DISCUSSION
The results described above clearly indicate that the GPN-degrading activities formerly designated endopeptidases P37 and P50 (2) are coupled reactions involving a membrane-bound gluAP and either a low-temperature pheAP activity (P37) or a high-temperature pheAP activity (P50). Both pheAP activities are located outside the membrane in such a way that their activities are efficiently attuned to gluAP.
The existence of two different pheAP activities taking part in a coupled reaction with gluAP is supported by previous experiments which demonstrate a high-temperature pheAP which was, also with respect to organic solvents, more stable than the low-temperature pheAP (6) . The observation that cells of strains lacking P50 activity (and the ability to restore P50 activity) also lack PCP activity suggests that the enzyme exhibiting high-temperature pheAP activity is identical with that formerly designated as PCP (3) . It explains previous results concerning parallel inactivation character-APPL. ENVIRON. MICROBIOL. , and gluAP activity associated with S. cremoris cells which had been treated with 3.5% (vol/vol) (strain Wg2) or 6% (vol/vol) (strain HP) nbutanol. For details, see the legend to Fig. 2 and the text. Symbols:
A, unrestricted P37 activity at 30°C, strain Wg2; Q, unrestricted P50 activity at 30°C, strain HP; *, unrestricted gluAP activity at 300C, strain HP. istics of P50 and PCP observed with organic solvent inhibitors (4) .
With the enzyme system in the soluble state, it appears that accumulation of the product phe-pNA (intermediate substrate, Si) of the first reaction, which is catalyzed by gluAP (E1), is responsible for a relatively long transient phase. An increased production of p-nitroaniline by the action of the second enzyme occurs. The moment at which the velocity of the second reaction (V2) equals the velocity of the first reaction (V1) the concentration of Si is maximal and remains constant; a steady state has been reached and the progress of p-nitroaniline production is linear. Furthermore, since a linear relationship between the steady-state velocity, V, of the coupled reaction and the substrate concentration, [S] , is obtained up to Vmax for the coupled reaction, it is concluded that the Km value with respect to the first reaction is relatively high compared with that of the second reaction and that the Vmax eventually reached is determined by the second reaction. In fact, the Km Initial kinetics of the release of phe-pNA from GPN by the action of gluAP. The reaction mixture (6 ml) contained: butanolinactivated enzyme preparation (gluAP activity) ( (6) . It may contribute to an efficient provision of the cell with nitrogen and essential amino acids during growth on protein (e.g., in milk), in common with the possibility that the peptide substrates for these enzymes, as generated by the action of the cell wall proteinase, may have specific (hydrophobic) properties which give these substrates an advantage over other peptides such that they are degraded preferably (5, 6) . Work is under way to determine how the cell uses the natural peptide substrates that are released by the action of the cell wall proteinase on its preferred substrate, ,B-casein (7, 14) .
